In 15 to 60% sucrose density gradients the distribution of standard preparations of influenza viruses measured by haemagglutination or infectivity was always bimodal. Approximately I7% of virus particles sedimented in a diffuse leading peak (fraction I), while the rest was confined to a second homogeneous peak (fraction 2). Virus particles comprising fraction i were less dense (1"25o g./cm?) than those of fraction 2 (1.257 g./cm?).
INTRODUCTION
It is difficult to determine with certainty the physical properties and molecular weight of influenza-virus RNA because there is no reliable infectivity assay for the isolated RNA. However, from considerations of particle weight (Frisch-Niggemeyer, 1959) and RNA content (Ada & Perry, I954) it has generally been assumed that the RNA has an approximate tool. wt of 2 x Io a, which should correspond to a sedimentation coefficient in the range 32 to 37 S. Many attempts to isolate RNA with sedimentation coefficients of this order have failed (Schgfer, I963; Sokol, Schramek & Sponar, I963) the highest values obtained being I I to 17 S. Using the A2/SINGAPORE/I/ 57 strain of influenza virus, we could find no evidence of a 38 S component after treatment of the virus with sodium dodecyl sulphate followed by extraction with phenol (Davies & Barry, I966) . The bulk of influenza-virus RNA sedimented on sucrose gradients with a sedimentation coefficient of about i8 S and from this we concluded that the RNA of influenza viruses exists in pieces. However, Agrawal & Bruening (I 966) reported that following extraction of the PR 8 strain of influenza virus with phenol and sodium dodecyl sulphate an RNA was obtained that separated on sucrose density gradients into three components with sedimentation values of 7 S, I9 S and 38 S. They assumed that the 38 S material, about one third of the total RNA, represented the intact RNA of influenza-virus preparations. These authors also reported that only 2o% of the total RNA remained in the 38 S form when preparations were heated to 80 ° for 8o sec. before eentdfugation so that much of the 38 S material must be regarded as aggregates of RNA molecules of lower S value.
In the light of this conflict of findings we have extended our study of the sedimentation properties of virus RNA to other strains of influenza virus, including the VR8 strain, and we conclude again that most of the RNA of complete virus preparations has a sedimentation coefficient of about I8 S, under the conditions usually used for sucrose gradient analysis. In sucrose density gradient experiments it is conventional to use solutions which contain, among other things, o.I M-NaC1 and o.ooI M-EDTA (Littauer & Eisenberg, t959; Ellem & CoRer, 1960. In the work to be reported here we found that the presence of salt in the gradients contributed to unspecific aggregation, because under these conditions influenza RNA usually contained a very heterogeneous component sedimenting at approximately 38 S. However, at low ionic strength, in the presence of o'oo5 M-EDTA, the 38 S component disappeared and the virus nucleic acid sedimented at 14 S. Even under such conditions, however, some virus particles possessed RNA which was still heterogeneous in its sedimentation behaviour. Recent reports by Pons 0967) and Duesberg & Robinson 0967) have confirmed our original finding that influenza-virus RNA has a sedimentation coefficient of about 18 S and these reports also emphasize the influence exerted by ionicconditions on the state of aggregation of virus RNA. (Asian) and fowl plague (ROSTOCK) of influenza A, and the strain LEE of influenza B were used. All strains have been subcultured repeatedly for many years in chick embryos, and consist of allantoic fluid preparations grown from dilute inocula and stored at -7 o°.
METHODS

Virus. The strains PR8, BEE, A2[SINGAPORE]I]57
Purified tobacco mosaic virus (TMV) was a gift from Mr M. Rees of the Agricultural Research Council Virus Research Unit, Huntingdon Road, Cambridge.
Haemagglutination and infectivity. Haemagglutination (HA) titres of virus preparations were determined by the method of Fazekas de St Groth & Graham 0955). Titration of infectivity was performed in pieces of chorioallantois-on-shell, according to Fazekas de St Groth & White (I958) using ten replicates per 3.I6-fold dilution. The 5o% end points were calculated by the method of Reed & Muench 0938).
Growth and purification of virus. Eleven-day-old chick embryos were inoculated with
Influenza virus RNA
6I
o-I ml. of infected allantoic fluid, diluted either ~o -5 or Io -~, incubated at 37 ° for 36 hr, chilled and then harvested. Four hr before infection each embryo received 0"25 ml. of phosphate buffer (I mg./ml., pH 7"0) containing 0-25 mc 32p as orthophosphate (PBS I, from Radiochemical Centre, Amersham, Buckinghamshire, England). Approximately twelve embryos were used in the preparation of each batch of 32P-labelled influenza virus.
To each batch of infected allantoic fluid, freshly washed fowl red cells were added to a final concentration of 0"5 %, and kept at 4 ° for I hr with occasional shaking. The red cells were deposited by centrifugation (6o0 g) for 3 to 5 rain., washed once in icecold phosphate buffered saline, and again deposited by centrifugation. Virus was eluted from the red cells by stirring in 5 ml. of 0"9 % NaC1 at 37 ° for 2 hr. The eluate was then treated with 5/~g./ml. DNase and 5/zg./rni. RNase for 20 rain. at 37 ° and immediately centrifuged on a linear I5 to 6o% sucrose density gradient (ino-9 % NaC1) at 2o,ooo rev./min, for I hr in a Spinco SW 25 rotor. Three ml. fractions were collected through a hole pierced in the bottom of the centrifuge tube; o.I ml. of each fraction was used to measure haemagglutinin and an equal volume was kept for determining radioactivity. The pattern of radioactive labelling has been described previously (Davies & Barry, I966 ) . Appropriate fractions were pooled (see Results), and dialysed overnight against o'9 % NaCI at 4 °. The dialysed virus was then deposited by centrifugation at approximately 40,0o0 g for I hr in a Spinco Model L ultracentrifuge; the pellet was resuspended in I ml. of o-oi M-acetate buffer containing o.I M-NaC1 and o.ooI M-EDTA, and the resulting suspension was treated for I rain. with an M.S.E. ultrasonic disintegrator.
Isolation of nucleic acid. RNA was extracted from a mixture of purified influenza virus+2 mg. purified TMV by addition of sodium dodecyl sulphate to give a final concentration of o'5 to 1%. The mixture was then de-proteinized by addition of an equal volume of water-saturated, freshly redistilled phenol, pH 7"5-The first phenol extraction was continued for io rain. at 52% The aqueous and phenol phases were separated by centrifugation and the aqueous phase was re-extracted with phenol at 4 ° until all traces of interface had disappeared. RNA was precipitated from the aqueous phase by addition of 2"5 vol. absolute alcohol+o.I vol. 2o% sodium acetate, the mixture then being kept at -2o ° for at least 2 hr. The precipitate was washed twice with absolute alcohol, once with ether and resuspended usually in 0"5 ml. of acetate buffer.
Characterization of nucleic acid. Samples of the virus RNA solution (o.2 ml.) were layered on to 5 to 2o% linear sucrose density gradients and centrifuged at 38,ooo rev./min, for 3¼ hr in a Spinco SW 39 rotor. The gradients were then fractionated by collecting Io-drop samples from the bottom of the tube by means of a micrometer syringe sampling device into flat-bottomed glass vials (capacity 5 ml.). Distilled water (o'3 ml.) was added to each sample and after the optical density at 26o m# had been determined in silica micro-cells in a Unicam SP 500 spectrophotometer, 3"5 ml. of Bray's fluid (Bray, I96O) was added to each sample. After thorough mixing, radioactive counts were measured in a Packard Tricarb liquid scintillation counter, series 40o0.
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The distribution of whole virus in sucrose density gradients
Virus concentrates obtained by elution from red cells were routinely centrifuged in linear I5 to 6o% sucrose density gradients for I hr at 2o,ooo rev./min, in the Spinco SW 25 rotor. In all experiments, radioactivity measurements coincided exactly with the distribution of HA except for the last two or three fractions at the top of the gradient, where very high counts were obtained (Davies & Barry, I966) . In a typical experiment about 83 % of the total virus was present in samples I I to 14 inclusive (Fig. I) , while the remaining 17 % was located in a diffuse faster sedimenting component in samples 3 to 9. The distribution of all strains of virus in I5 to 6o% sucrose gradients as measured by HA was identical with that of strain BEL shown in Fig. I , provided that standard virus was used. A strikingly different distribution of HA was obtained under these conditions of centrifugation with preparations of incomplete virus (Davies & Barry, unpublished) . In experiments to be described below, the properties of the virus present in the fast moving peak (samples 3 to 9) were compared with those of the larger, more slowly sedimenting peak (samples i I to I4). We refer to the fast moving component as fraction I, and to the slower component as fraction 2. The distribution of infectivity and HA of another sample of asP-labelled BEL virus, centrifuged on a 15 to 60 % sucrose gradient for I hr at 25,ooo rev./min, was investigated. The existence of two major HA components (samples i to 6; 7 to I I) was apparent (Table I) . With the exception of samples 5 and Io, all samples in both fractions I and 2 had ID 5o/HA ratios of ro 5"7 or more, which in our experience is characteristic of infectious virus (Barry, I96I ) . It was therefore concluded that both fractions I had 2 contained fully infectious virus.
Equilibrium density-gradient centrifugation of fractions I and 2
0"3 ml. amounts of samples 6 and I2 from the experiment shown in Fig. I were each mixed with 4"5 ml. of a solution of caesium chloride (density i.245 g./cm.S). Each mixture was then subjected to centrifugation at 33,000 rev./min, for 40 hr in the SW 39 rotor (Barry, I96o) . After centrifugation the distribution of HA and density in each gradient was determined (Fig. 2) . For direct comparison each HA distribution has been plotted to cover an equal area. Virus particles which sedimented more quickly in sucrose gradients had an average density of 1-25o g./cm, s in CsC1 whereas those of fraction z had an average density of 1-257 g./cm, s. (log,o) (loglo) (loglo) I 3"6 9"6 6.0 2 3'6 9'3 5'7 3 3'6 9"6 6"0 4 3-6 9"6 6.o 5 3"5 8"9 5"4 6 3"5 ----7 3"7 9"4 5"7 8 4"z 9"9 5"7 9 4"I Io-4 6"3 IO 3"5 8'6 5"1 II 3't ----I2 2" 9 8'4 5"5
The sedimentation characteristics of RNA extracted from fraction 2
Five strains of a2P-labelled influenza virus were centrifuged in I5 to 60% sucrose density gradients. RNA was extracted from virus particles in fraction 2 of each preparation and o-2 ml. volumes were centrifuged in 5 to 2o % linear sucrose density gradients at 38,ooo rev./min, for 3¼ hr in the Spinco SW 39 rotor. The sucrose solutions had been prepared in o.oI M-acetate buffer (pH 5"3) containing o-oot M-EDTA+oq MNaC1. Under these conditions, the S value of the marker TMV RNA is 31 S (Davies & Barry, I966) In Fig. 3a , the complete optical density reading of TMV RNA are included but in Fig. 3b to e only the position of the maximum optical density reading is indicated. This point served as reference for estimating the approximate sedimentation coefficient of the various influenza RNA components, using the method of Martin & Ames 096 0.
The results obtained with PR8 virus (Fig. 3a) indicated a broad peak of radioactivity with an approximate sedimentation coefficient of 19 S preceded by another broad zone of radioactivity in the 32 to 42 S range. Similar findings were obtained with radioactive RNA from strain 13~L (Fig. 3b) 
LEE (5 to 20 % Sucrose, 3¼ hr, 38,000 rev./min. Spinco SW 39 rotor). ©, E26o; O, radioactivity. In Fig. 3 a the complete optical density readings of TMV RNA are shown; in Fig. 3 b to e the position of the maximum optical density reading is indicated with an arrow.
had an approximate sedimentation coefficient of 21 S, and in addition there was a small peak of radioactivity at 9 S. Fowl plague RNA (Fig. 3 c) also resembled PR8 RNA, except that the 19 S component appeared to be very heterogeneous. Asian influenza RNA (Fig. 3 d) contained a homogeneous component with an approximate sedimentation coefficient of 18 S as had previously been reported (Davies & Barry, 1966 ) and a minute peak in the 38 S region, while an appreciable amount of RNA was found at the top of the gradient. RNA from the LEE strain of influenza B (Fig. 3 e) resembled BEL rather than PR8 in that there appeared to be at least three components of which the largest sedimented at 19 S. Thus, with all strains of influenza virus tested, the principal RNA component had a sedimentation coefficient of 18 to 2I S. All strains except the Asian also apparently contained a polydisperse RNA component which sedimented ahead of the 18 to 21 S component, and two strains (BEL and LEE) contained a component with an S value of 7 to 9 S. As the polydisperse, rapidly sedimenting RNA is probably analogous to the 38 S component of Agrawal & Bruening (1966) it will subsequently be referred to as 38 S RNA.
The sedimentation characteristics of RNA extracted from fraction I
Fraction I consisted of approximately 17~ o of the total virus RNA. Radioactive RNA was extracted from fraction I of 2 virus strains BEL and LEE and the distribution of radioactivity in 5 to 2o% sucrose gradients was studied (Fig. 4a, b) . These results can be compared directly with the distribution of RNA from fraction 2 of each virus (Fig. 3b, e) . Fraction I RNA contained three distinguishable RNA species (38 S, 21 to 24 S, 7 to 9 S) found in the respective fraction 2 components. The relative difference in the proportions of the 2I to 24 S and 7 to 9 S species between Fig. 3b and 4 a, and Fig. 3 e and 4b was very noticeable. It seemed that the more rapidly sedimenting less-dense virus particles contained the same species of RNA molecules as the slower moving particles, but that there was no longer a preponderance of the i8 S species, and that the 7 to 9 S species made up a much greater proportion of the total RNA. In many similar experiments fraction I always contained much more 7 to 9 S RNA than fraction 2, and the 7 to 9 S RNA was frequently the predominant species (Fig. 4a) .
The effect of ionic strength on the sedimentation coeflTcient of influenza virus RNA
The presence of o'i M-NaC1 in sucrose density gradients is known to produce striking heterogeneity in the sedimentation behaviour of RNA molecules (Bramwell & Harris, i967) , so that conclusions concerning the size or molecular weight of RNA based on sedimentation in the presence of o.I M-NaC1 are probably meaningless. It occurred to us that the 38 S component of influenza virus RNA described by Agrawal & Bruening (i966) , and the heterogeneous 32 to 42 S component seen in the experiments described above for the strains PR8, BEL, LEE and ROSTOCK (fowl plague) might be an artifact due to the presence of high salt concentrations in the gradients. Consequently, the sedimentation rate of a~P-labelled influenza-virus RNA was determined at low ionic strength, in the presence of 0"005 M-EDTA. 0-2 ml. volumes of PR8-RNA (fraction 2) dissolved in o'oo5 M-EDTA were layered on to each of two 5 to 20 % sucrose density gradients. One gradient was prepared from sucrose dissolved in o.ooI M-EDTA+o.I M-NaC1 while the other was prepared in 0.o05 M-EDTA alone. After centrifugation at 38,00o rev./min, for 3¼ hr in the SW 39 rotor, the distribution of both radioactivity and optical density in each gradient was determined (Fig. 5a, b) . In the absence of salt (Fig. 5a ), the heterogeneous, rapidly sedimenting component (Fig. 3a) was no longer present. The TMV RNA had a sedimentation coefficient of 23 S and the influenza RNA a sedimentation coefficient of 14 S. In the presence of salt (Fig. 5b) there was a prominent peak of radioactivity at 18 S, preceded by a diffuse zone of radioactivity, assumed to be due to aggregation caused by the presence of o" I M-NaC1. It was therefore concluded that the 38 S component was an artifact. As high concentrations of salt had an undesirable effect on the sedimentation rate of influenza virus RNA, it was necessary to centrifuge the RNA of fraction I under conditions of low ionic strength. Consequently a sample of B~L fraction I RNA % × O O was prepared and centrifuged in the presence of 0"005 M-EDTA alone (Fig. 6 ). There was no longer a rapidly sedimenting 38 S component, but distinct peaks at I6 S, 9 S and 5 S were still found, suggesting that the RNA of fraction I was actually more heterogeneous than the RNA of fraction 2. 
DISCUSSION
It has previously been shown by equilibrium sedimentation (Barry, i96o ) that standard preparations of influenza virus consist mainly of particles of about the same density, although there are always a few particles of lower density present. What are probably the same two classes of particle are found in sucrose density gradients, where a rapidly sedimenting component of density I'25o g./cm. 3 (fraction [) and a slower sedimenting component of density 1.257 g./cm, s (fraction 2) are found. Fraction I makes up about I7% of the total, while fraction 2 contains the remaining virus. Unlike CsC1 gradients, sucrose gradients do not inactivate the infectivity of influenza virus so it has been possible to determine the relative distribution of infectivity in both components. Since heterogeneity in density is a striking characteristic of incomplete virus preparations (Barry, I96o), we had anticipated that fraction I would probably contain little or no infective virus, i.e. that it represented a small, incomplete fraction of standard virus. However, this was not so (Table I ). Although the virus from both fractions probably contains equal amounts of RNA, it is likely that fraction I virus particles contain more envelope material.
There has been considerable controversy concerning the sedimentation coefficient of influenza virus RNA. Probably the most important cause of this confusion has been the effect of ionic strength on the sedimentation behaviour of the virus nucleic acid. Changes in ionic strength affect not only the sedimentation rate of influenza virus nucleic acid but also its state of aggregation. In our experience, fraction 2 RNA had a sedimentation coefficient of approximately I8 S in o.I M-NaC1, I4 S in its absence, and the heterogeneous 32 to 42 S component was found only when salt was present in the gradients. In the experiments of Agrawal & Bruening (I966) and Ports (I967) divalent cations (Ca ~+ and/or Mg z+) were used during RNA isolation and fractiona-5-2 tion. The 38 S RNA obtained under these conditions could therefore represent an aggregate, as the experiments of Duesberg & Robinson (1967) suggest. Our experiments show that the presence of univalent cations in sucrose density gradients also induces the formation of RNA aggregates, so that it may reasonably be concluded that the 38 S component of influenza virus RNA is wholly an artifact.
It is not clear whether the 7 to 9 S and the 18 to 21 S RNAs found in the presence of o-I M-NaC1 are really separate RNA species. The problem is complicated by the apparently different distribution of RNA in the two virus populations. Even in the absence of salt, although fraction 2 RNA appeared to be relatively homogeneous, fraction I RNA contained several distinct components in amounts differing from those in fraction 2. We suppose therefore that the RNA occurring in fraction I is more variable in size, and probably contains a higher percentage of small molecules. In the light of this heterogeneity, it is intriguing that fraction I is fully infectious.
The sedimentation coefficient of single stranded RNA, measured under defined conditions of ionic strength, is often used as a basis for calculating the molecular weight (Spirin, I963) , assuming that the molecular weight varies approximately as the square of the S value. In view of the profound effect of ionic strength on the sedimentation properties of influenza virus RNA, we feel that this method cannot be used reliably to estimate the molecular weight of influenza virus RNA. All that we can reasonably conclude is that RNA obtained from two viruses which apparently contain the same amounts of RNA (influenza virus and tobacco mosaic virus) does not sediment with comparable sedimentation coefficients under any of the conditions tested. The S value of influenza RNA is always much lower than that of TMV RNA. The predominant species of influenza virus RNA is about 18 S, but RNA of lower S value is also present in appreciable amounts. From this we tentatively suggest that individual influenza virus particles contain RNA molecules of smaller size than the TMV RNA molecule, and that to make up a full complement of RNA, individual influenza virus particles probably contain several pieces of RNA.
